Introduction
Metoclopramide (MCP) has been confirmed to be an effective drug for treating and preventing various types of vomiting and as a useful agent in oesophageal reflux disease, gastroparesis, dyspepsia, and in a variety of functional gastrointestinal disorders. 1 The proper chemical name for metoclopramide is 4-amino-5-chloro-2-methoxy-N-(2-diethyl-aminoethyl) benzamide and the chemical structure is: The wide applications of MCP in both clinical and experimental medicine have prompted extensive interest in its determination. The United States Pharmacopoeia (USP) has recommend a nonaqueous acid-base titration with potentiometric detection of the end-point for the evaluation of the raw material of MCP; for its dosage forms, the USP method is high-performance liquid chromatography (HPLC). 2 Additionally, many other methods in the literature for the quantification of MCP, including fluorometry, [3] [4] [5] spectrophotometry, 6 ,7 chromatography [8] [9] [10] and chemiluminescence, 2, 11, 12 were also reported. Most of them have their own intrinsic disadvantages, such as technical complexity, or require expensive instrumentation, like HPLC.
Recently, much effort has been made for the electrochemical determination of MCP, since the electroanalytical method possesses many advantages, such as high sensitivity, rapid response and extreme simplicity. For instance, anodic stripping voltammetry with a nafion modified glassy carbon electrode, 13 fast stripping continuous cyclic voltammetry, 14 and square-wave anodic stripping voltammetric at a carbon paste electrode, 15 were employed to detect MCP, respectively.
A chemically modified electrode is an active research area in many aspects of science and technology, having potential applications in diverse fields. There has been much interest in the research of carbon nanotubes based on their unusual properties, such as strong adsorptive ability, huge specific area, subtle electronic properties as well as excellent electrocatalytic activity. These tubes form in two categories: single-wall carbon nanotube (SWNT) and multi-wall carbon nanotube (MWNT). 16 SWNT is made of a single graphite sheet rolled seamlessly with a diameter of 1 -2 nm, 17 while MWNT consists of concentric and closed graphene tubules, each with a rolled-up grapheme sheet. 18 The subtle electronic behaviors of carbon nanotubes reveal that they have the ability to promote electron-transfer reactions, so carbon nanotubes are usually used to modify electrodes and catalyze various electrochemical reactions. [19] [20] [21] [22] The objective of the current work is to introduce a new method for the determination of MCP by linear sweep voltammetry (LSV) with MWNT-modified glassy carbon electrode (GCE). According to the best of our knowledge, this is the first application of the LSV method for the determination of MCP. The MWNT-modified GCE exhibited strong electrocatalytic activity toward the oxidation of MCP because of a great increase A simple, sensitive and inexpensive electrochemical method was developed for the determination of metoclopramide (MCP) with a multi-wall carbon nanotube (MWNT) modified glassy carbon electrode (GCE). MWNT was dispersed into polyacrylic acid (PAA); the aqueous suspension was then cast on GCE electrodes, forming MWNT-PAA films after evaporation of the solvent. The electrochemical behavior of MCP at the MWNT-modified electrode was investigated in detail. Compared with the bare GCE, the MWNT-modified electrode exhibits electrocatalytic activity to the oxidation of MCP because of the significant oxidation peak-current enhancement. Furthermore, various experimental parameters, such as the solution pH value, the amount of MWNT-PAA suspension and accumulation conditions were optimized for the determination of MCP. in the magnitude of the oxidation peak currents of MCP. The parameters, such as the pH of the electrolyte solution, the accumulation condition and the amount of MWNT-PAA suspension cast on the electrode were investigated and optimized. In comparison with other techniques, this newly proposed method possesses the following advantages, such as high sensitivity, rapid response, low cost and simplicity. Also it can successfully be applied to the determination of the MCP drug in pharmaceutical tablets with satisfactory results.
Experimental

Reagents
A pure standard of metoclopramide hydrochloride was purchased from Sigma, and a 1 × 10 -3 mol L -1 stock solution was prepared in redistilled water, and then stored in a brown flask at 4 C. Standard solutions of MCP were prepared by dilution of the stock solution with redistilled water. MCP tablets (each tablet containing 5 mg MCP) which were made by Shanxi Linfen Jianmin Pharmaceutical Factory (Linfen, China), were purchased from a local market. A polyacrylic acid (25 wt% solution in water; approx. MW 240000) was obtained from J&K Scientific Ltd. (Beijing, China). Multi-wall carbon nanotubes (MWNT) with an average diameter of 30 nm were obtained from Chengdu Organic Chemicals Co., Chinese Academy Sciences, and then refluxed in concentrated HNO3 for 10 h to cause purification and carboxylation. All other chemicals were of analytical grade, and all of the solutions were prepared with redistilled water.
Apparatus
Images of scan electron microscopy (SEM) were obtained using a Hitachi X-650 microscope (Japan). A CHI 830 electrochemical workstation (Shanghai Chenhua Co., China) was used for electrochemical measurements.
A typical three-electrode cell was used with a saturated calomel electrode (SCE) as the reference electrode, and a platinum wire as the counter electrode. The working electrode was a modified GCE or a bare GCE. Before electrochemical experiments, all solutions were purged with nitrogen gas for 30 min. All electrochemical experiments were performed at room temperature.
Preparation of MWNT-PAA suspension
Although carbon nanotubes have a large dimension and hydrophobic surface, the aqueous suspension of intact carbon nanotubes is usually unstable, which limits the applications of carbon nanotubes in electroanalytical chemistry. In our previous work, 23 it was found that insoluble carbon nanotubes could be dispersed into water in the presence of a kind of surfactant to form a stable and well-distributed suspension. In this work, a stable aqueous suspension of nanotubes was obtained in the presence of polyacrylic acid (PAA). Amounts of 5 mg MWNT and 5 mg PAA were added into 5 mL of redistilled water, and then sonicated for about 30 min with an ultrasonicator (55 kHz) to obtain a stable and homogeneous MWNT-PAA suspension.
Fabrication of MWNT-modified GCE
For electrochemical studies, a GCE of 3 mm in diameter was used. The electrode was polished with 0.05 mm alumina slurry (CH Instrument, Inc., USA) to a mirror finish and sonicated successively in 1:1 HNO3-H2O (v/v), absolute ethanol and doubly distilled water. Finally, 8 μL of the resulting MWNT-PAA suspension was casted on the GCE and allowed to evaporate water at room temperature in air. The PAA-modified GCE was prepared by the same procedure as explained above, but without MWNT.
Results and Discussion
Cyclic voltammetry behavior of MCP
The electrochemical behaviors of different electrodes in the absence or presence of 5 × 10 -6 mol L -1 MCP was examined by cyclic voltammetry (CV) (Fig. 1) . When in the absence of MCP, no obvious oxidation peak was observed at bare GCE (curve a) and MWNT-modified GCE (curve b) within the potential window from -0.10 to 1.00 V. Curve c demonstrates the CV of a bare GCE in the presence of 5 × 10 -6 mol L -1 MCP; the results show that no obvious oxidation peak could be examined, too. However, a well-defined oxidation peak with very high current was observed at 0.69 V (curve d) at a MWNT-modified GCE in the presence of 5 × 10 -6 mol L -1 MCP, which corresponded to the oxidation of -NH2. 13 The remarkable peak-current enhancement strongly verified that the MWNT-modified GCE exhibited electrocatalytic activity to the oxidation of MCP. This electrocatalytic property of the modified GCE was most probably related to the unique characteristics of MWNT, since MWNT had good conductivity. The MCP molecules adsorbed on the surface of the nanotube would have more chance to exchange electrons with electrodes, or the rate of electron transfer from MCP to the electrode could be improved, thus demonstrating better electrocatalytic activity. In order to further elucidate that PAA is not responsible for the oxidation of MCP, the electrochemical behavior of MCP at a PAA-modified GCE was studied. The results showed that no obvious oxidation peak could be observed, and the PAA film was very easy to detach from the electrode surface. Thus, the remarkable peak current enhancement was undoubtedly attributed to the unique characteristics of MWNT, and strongly verified that MWNT-modified GCE exhibits electrocatalytic activity to the oxidation of MCP.
In addition, the better porosity of MWNT films, as illustrated by SEM top views of bare GCE and MWNT-modified GCE (Fig. 2) , was also helpful for substrates or small inorganic ions in buffers to move into or out of the films, thus improving the electrocatalytic performances. In conclusion, a MWNT-modified GCE greatly improved the sensitivity of the determination of MCP.
The effect of the scan rate on the electrochemical response of MCP was investigated by CVs, as shown in Fig. 3 . In the range of 10 -300 mV s -1 , the oxidation peak currents enhanced on increasing scan rates, and the peak current had a good linear relationship with the square root of the scanning rate, indicating that the electrochemical reaction of MCP at the MWNT-modified GCE was a diffusion-controlled process. The peak potential shifted to less-positive values for increasing scan rate, which confirmed the irreversible nature of the oxidation process.
Optimization of accumulation conditions
To improve the determining sensitivity, we adopted accumulation at first, which is a common and effective tool. In the process of accumulation, the accumulation potential and the accumulation time had significant influence on the subsequent LSV responses of MCP. Thus, optimization experiments were performed with various accumulation potentials and time in order to obtain the highest LSV oxidation peak currents of MCP.
The influence of the accumulation potential on the oxidation peak current of 5 × 10 -6 mol L -1 MCP after 120 s accumulation was examined under different potentials. The experimental results showed that a maximum oxidation peak current was observed at 0.00 V vs. SCE in a potential range from -0.40 to 0.40 V (Fig. 4A) . Thus, 0.00 V vs. SCE accumulation was employed.
The effect of the accumulation time on the oxidation peak current of MCP is shown in Fig. 4B . The oxidation peak current increased rapidly with increasing of accumulation time within the first 120 s, revealing that the MWNT cast film exhibited effective accumulation for MCP. However, for a longer accumulation time, the plot leveled off; this implied the existence of surface absorbed saturation. Since the MWNT on the electrode was limited, the amount of MCP adsorbed on the electrode surface must be limited, once the limiting amount is reached. Further increasing of the accumulation time leads to only a slight increase of the amount of MCP adsorbed on the electrode. 
Influence of the pH value
The electrochemical behaviors of MCP at MWNT-modified GCE electrode showed a strong dependence on the pH of external buffers. The effect of the pH of the supporting electrolyte on the peak current of MCP at the MWNT-modified GCE was investigated at different pH values of 5.0, 6.0, 6.5, 7.0, 7.4, 8.0, 9.0 (Fig. 5) . It was found that the oxidation peak current gradually increased as the pH changed from 5.0 to 7.4, and then showed a decline as the pH value continuously increased to 8.0, and even decreased at pH of 9.0. In addition, the oxidation peak of MCP at pH 7.4 was best-shaped. Therefore, phosphate buffer at pH 7.4 was used in all cases.
The relationship between the pH value and the oxidation peak potential (Epa) has also been studied (inset plot of Fig. 5 ). The pH value strongly affected the Epa of MCP. It showed that the Epa shifted toward more negative as the pH increased from 5.0 to 9.0, and a good linear relationship was observed between the pH value and Epa and obeyed: Epa = 1.20 -0.068pH r = 0.9798.
(1)
The slope of -68 mV/pH indicated that the number of protons and electrons involved in the oxidation of MCP was equal. 24, 25 Also the electrochemical reaction of MCP at the MWNT-modified GCE is an irreversible process. For an irreversible electrode process, the relationship between the oxidation peak potential and the scan rate is described by Laviron equation, 26 ,27
where E 0 is the formal potential, T the temperature (298 K in our experiment), α the transfer coefficient, nα the number of electrons transferred, k 0 the electrochemical rate constant, F the Faraday constant (96480 C mol -1 ), and R the gas constant (8.314 J mol -1 K -1 ). In this experiment, the relationship between the potential of the oxidation peak (Epa) and the scan rate (ν) is Epa = 0.54496 + 0.03452ln ν r = 0.9963.
The slope (slope = RT/αnαF) indicates that the value of αnα is 0.75. The value α is usually between 0.3 and 0.7, taking 0.5 as the α value; then, nα would be 1.5, and the number of electrons transferred should be rounded, so nα = 2. Combining the former result that the identical number of protons and electrons were transferred in the oxidation process, the oxidation reaction of MCP belongs to a two-electron and two-proton process. Therefore, the possible oxidation reaction of MCP at MWNT-modified GCE was according to the following reaction: 
Effect of the thickness of the MWNT-PAA film
The thickness of the MWNT-PAA film on the GCE surface, which had certain effects on the current response of MCP, was determined by the amount of MWNT-PAA suspension. The relationship between the amount of MWNT-PAA suspension on the GCE and the oxidation peak current of MCP had been examined (Fig. 6) . The results illustrated that the oxidation peak current increased notably with increasing amount of the MWNT-PAA suspension from 6 to 8 μL. However, with an increase in the amount of MWNT-PAA suspension, the oxidation peak current conversely showed a gradual decline. These results suggested that in thicker films, some of the MWNT was not efficiently wired either to the electrode surface or to the solution and could not contribute to the generation of current. These results also indicated that while a single nanotube was electrically conductive, this conductivity may not have been able to extend to the others, especially when the nanotubes were packed randomly and disorderly, thus limiting the effect of MWNT in improving the electron transport of MCP. 22 Thus, the amount of MWNT-PAA on the GCE surface was chosen to be 8 μL.
Calibration curve
Under the optimized experimental conditions, the calibration curve for MCP in a pH 7.4 phosphate buffer at MWNT-PAA modified GCE was characterized by LSV. Linear sweep voltammograms of different MCP concentration are shown in Fig. 7 .
The linear range was between 1.0 × 10 -7 and 1.0 × 10 -5 mol L -1 in terms of the relationship between the MCP concentration and the oxidation peak current (inset plot of 
Interference
The effects of some foreign species on the electrochemical oxidation of 5 × 10 -6 mol L -1 MCP have been evaluated. It was found that this method had good selectivity to the determination of MCP. For example, 100-fold concentrations of Ca 2+ , Ba 2+ , Zn 2+ , Al 3+ , Fe 3+ , Cu 2+ , Hg 2+ , Na + , Pb 2+ , K + and glucose did not interfere with the current response of 5 × 10 -6 mol L -1 MCP.
Determination of MCP in commercial MCP tablets
A commercial MCP tablet contained the active ingredient MCP (5 mg per-tablet). We dissolved 6 tablets (each containing 30 mg MCP) in hydrochloric acid (25 mL, 1 × 10 -3 mol L -1 ) under sonication. After that, 5, 10 and 20 μL of the metoclopramide hydrochloride solution were added into an electrochemical cell containing 25 mL pH 7.4 phosphate buffer, and the linear sweep voltammograms were recorded under the optimized experimental conditions ( Table 1 ). The results obtained by the MWNT-modified GCE were in good agreement with the declared MCP content. Furthermore, in order to investigate the accuracy of the proposed method, known amounts of the standard MCP solution were added into the analytical solution, and the same procedure was applied. The recoveries indicated that the accuracy of this proposed method was excellent.
Conclusion
In this work, an easily prepared, chemically modified electrode, MWNT-modified GCE, was first fabricated to investigate the electrochemical behavior of MCP in detail. Owing to the unique properties of MWNT, such as high specific surface area, subtle electronic properties and strong adsorptive ability, the proposed modified electrode improved the electrochemical response of MCP significantly, which clearly demonstrated the excellent electrocatalytic activity of the MWNT film toward the electrochemical oxidation reaction of MCP. Based on its catalytic effects, a sensitive LSV method was proposed for the determination of MCP in commercial tablets. The sound results showed that this novel MWNT-modified GCE has great potential for the determination of MCP in practical sample analysis. 
